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SUMMARY

“‘“"::ﬁThis report contains two main subjects. One is the newly started

investigation of cross flow boiling in tube bundles. The heat transfer
information at this condition is of significant importance to horizontal
steam generator design. The other one is the continuation of the research
on boiling heat transfer in confined spaces.

The research on cross flow boiling in tube bundles has been started.
The freon loop has been modified for higher flow and higher two phase
quality. The test section design is finished and is under fabrication
presently. The new instrumentation system is also established. The test
matrix has been planned.

The research on boiiing in confined spaces proceeds steadily. This
problem is of great importance to the boiling induced corrosion in the
steam generator crevices between the tube and the support plate. In the
repbrt of 1981, detailed results were presented for analysis of single
phase flow, two phase flow, and dryout in crevices. Experimental
results of boiling and dryout in crevices with closed bottom Were
also reported. In this report.of 1982,the results of forced convective
boiling heat transfer and critical heat flux in crevices are presented.

The status of research on boiling in horizontal crevices is also

described here. f'\_,
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CONCLUSION

The critical heat flux of forced convective boiling in confined
space is generally lower than that of channels with conventional
dimensions. For higher mass flux the CHF is higher. When the gap size
decreases the CHF also decreases. The existing CHF correlations do
not predict the date well. However, modification with the inclusion
of the gap Bond number is able to fit the date. The Ahmad's
correlation was modified for small gaps and for short channels. Our
experimental data falls within +20% of this modified correlation.

The heat transfer of forced convective boiling in»confined space
is generally higher than that of channels with conventional dimensions.
When the wall superheat is low, the boiling curve shows higher heat
flux at higher mass flux. However, ﬁt high wall superheat the boiling
is fully developed. The effect of mass flux to boiling heat transfer
becomes negligible. When the gap size decreases the heat transfer
increase. Through visudl observation, it is concluded that the
increasing of heat transfer is due to the effective thin film
evaporation beneath the squeezed (or called deformed) bubbles in the
confined space. The boiling phenomena can be classified into three
regimes: non-deformed bubbles, isolated deformed bubbles, and
coalesced deformed bubbles. The boiling regimes can be identified
in terms of Bond number and Boiling number of the system

The present results will be useful for the design of the tube-to-
baffle crevices in steam generators. The new correlations can be
included into the computer program developed last year for more precise
modeling of boiling in crevices.

The studies on boiling in horizontal crevices and on cross flow boiling
in tube bundles proceed smoothly. The results will be available in the

next year.
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CHAPTER 1

CRITICAL HEAT TRANSFER

OF

FORCED CONVECTIVE BOILING IN CONFINED SPACES

-




NOMENCLATURE

Bo

CHF

he

GREEK SYMBOLS

Bond number for the gap, defined in equation (7)

Critical heat flux

Hydraulic equivalent diameter = 4Xfilow area/wetted perimeter
Heated equivalent diameter = 4Xflow area/heated perimeter
Defined in equation (4)

Mass flux

Acceleration of gravity

Enthalpy of the fluid at critical heat flux

Enthalpy of liquid at inlet

Enthalpy of saturated liquid

] Hin

Heated length

Pressure

Critical heat flux

Maximum critical heat flux = GD, (\+AH, )/aL

Modified q ., /q,, . defined in equation (8)

Quality of the fluid at critical heat flux




Density of liquid phase

Density of vapor phase

Viscosity of liquid phase

Viscosity of vapor phase

Defined in equation (6)

Latent heat of vaporization

CHF modeling parameter, defined in equation (5)
Gap thickness

Surface tension of liquid phase




CRITICAL HEAT FLUX OF

FORCED CONVECTIVE BOILING IN CONFINED SPACES

INTRODUCTION

In many heat exchange devices boiling occurs in confined spaces. For
example, in steam generators, mechanical clearance is provided between the
heating tube and the support-plate where the tube runs through. Flow is
retarded in the narrow passage of the clearance. When the liquid is highly
subcooled, single-phase forced convection will occur in the crevice as shown
in Figure 1-a. When the liquid is slightly subcooled or saturated, boiling may
occur in the crevice as shown in Figure 1-b. The boiling in the narrow passage
may lead to permanent dryout and the accumulation of corrosive concentration
at the dryout boundary. In order to prevent the dryout and the subsequent
corrosion induced failure of the heating tube, an understanding of the fluid
motion and heat transfer behavior in confined spaces will be of significant

value to the design of the heat exchange devices.

Boiling in confined spaces may be viewed as a special case of the
conventional boiling. The behavior of the CHF (Critical Heat Flux) in confined
spaces can also be considered as an extension of the conventionai CHF
phenomena. Existing literature information on confined spaces boiling is
scarce. Therefore, it is adequate to review the related conventional CHF

behavior briefly,

A large number of experimental investigations on the CHF of forced
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convective boiling in annuli have been performed and correlations for
predicting the CHF have been proposed. Barnett [1) compiled 724
experimental data at the pressure of 6.9 MPa from 8 sources on the CHF of
water in annuli where the inside rod is heated and the shroud tube is unheated.
Latter Barnett [2] compiled additional 106 new data points from 3 other
sources at the same pressure . Janssen et al. [3] conducted experiments of
water at the pressure from 4.14 to 10.0 MPa, while the study of Litter [4]
included experiments of water at the pressure from 5.17 to 6.9 MPa,
Tolubinskiy et al. [5] presented an analysis of CHF data in annuli of 0.5 and 4
mm gaps with a forced flow of subcooled water. Some other studies have
also been done on fluids different from water. Stevens et al. [6] reported
experiments using Freon-12 at the pressure from 0.81 to 1.07 MPa. Ahmad et
al. [7] presented 418 experimental data points for Freon-12 at pressure from

1.07 to 1.64 MPa.

A number of researchers have developed empirical correlations for CHF
data. Barnett [1], Janssen et al. [3], Tong et al. [8], and Hewitt {9] have
developed correlations for the CHF of water flowing in annuli with the inside
tube heated. Some of the approaches were based upon mechanistic analyses
of physical models, but the majority of the reported correlations were
dimensional equations applying to specific fluid, most commonly water, in a

limited range of conditions.

Few successful attempts have been made in developing correlations
applicable to a wide range of conditions and to a variety of fluids. Bernath

(10] and Gambill {11] developed correlations which apply only to the

subcooled boiling CHF. Katto [12] used an analytical procedure he developed




for analyzing the CHF in round tubes [13], and obtained a graphical correlation
for the CHF in annuli. Shah [14] compiled 39 data points and also presented
a general correlation. His correlation had been developed in graphical form
and is not simply translated into mathematical expressions. This correiation
did not provide a satisfactory fit for gaps smaller than 0.5 mm. Using the
H

uniqueness conditions of Qoper X and dimensional analysis, Ornatskiy

CHF* ~ CHF

et al. [15] developed a generalized correlation for water. Ahmad and
Groeneveld [16] used Ahmad's compensated distortion mode! [17] to develop
a CHF correlation for annular geometries that was independent of fluid type.
This approach provides encouraging results and suggests a feasible means to
predict the CHF with reasonable accuracy over the range of conditions

presented in [16].

However, the range of data analyzed in reference [16] is not broad
enough to consider the technique as having been verified for general
applicability. Due to the complexity of the process, unavailability of detailed
information on the mechanism of heat transfer, and differences in experimental
techniques, none of the existing experimental studies and suggested techniques
for correlating experimental data can be generally fit to the entire set of data

for various annuli over a wide range parameters,

A number of experiments have Leen performed in pool boiling study.
Katto and Yokoya et. al [18, 19] investigated confined space boiling of
saturated water on a horizontal flat heated plate. A movable optical assembly
was placed above the heated surface and had a small gap in between. They
suggested that the dryout condition in confined space is a balance between the

consumption of the liquid on the heated surface and the supplying of the




liquid between the intermittent jetting of vapor mass. Ishibashi and Nishkawa
[20] conducted the boiling experiment for a vertical annulus with open ends.
It was postulated that there are two distinct boiling regimes, each having
different heat transfer characteristics. No quantitative information for dryout
had been obtained. Jensen, Cooper and Bergies [21] performed experiments
of boiling of an horizontal tube within constrain. The increase in the heat
transfer was also explained by the thin film evaporation. The CHF was found
to be directly proportional to the 3jap size and inversely proportional to the
length of annulus. Yao and Chang [22) presented a series of systematic
investigations of pool boiling heat transfer in vertical narrow annuli with
closed bottoms, They found that the Bond number is important in

characterizing the boiling behavior into three different boiling regimes.

Building on the experimental resuits and conclusions of pool boiling in
confined spaces by the above researchers, the objectives of the present
research are to understand the governing mechanisms of forced boiling in
confined spaces; to study the effects of the space confinement and the mass
flux on the CHF; and to develop a gen;ralized correlation for uniformly heated
cylindrical annuli under uniform heat flux with narrow gaps over wide ranges

of parameters.

EXPERIMENTAL APPARATUS AND PROCEDURE

1 -

The experimental set-up consists of a narrow annular test section placed

in a closed loop of Freon-113 at slightly pressurized conditions, i




Test Loop

As shown in Figure 2, Freon-113 is circulated by a centrifugal pump
through the control valves, the turbine flow meter, the preheaters, the annular
test section, the condenser, and then back to the suction side of the pump.
The flow rate in the annular test section is regulated by adjusting the bypass
control valves, and the desired system pressure is maintained through Nitrogen
gas in the glass container. Almost all of the loop is constructed of 304

stainiess steel piping.

The bulk fluid temperature at the inlet of the test section and at six
other locations in the loop are measured with calibrated J-type thermocouples.
These thermocouples are read from a digital temperature readerl{ Omega Model

403A-C ) through a selecting switch.

The ivnlet conditions to the test section are adjusted by the power input
to the preheaters and the throttling of the flow at the regulating valve. Both
preheaters are of Chromalox immersion type Model ARMTO-3605T2. Each
preheater has a rated output of 6 KW. The power to the heaters is regulated

through a variable transformer which can be adjusted finely.

Test Section

The schematic of the test section is shown in Figure 3. The heated

section is made of 304 stainless steel seamless tubing with 0.71 mm wall




thickness, 25.4 mm O0.D., and the heated length is 76.2 mm. The top of the
heated tube is thermally shrink-fitted to a copper tube which has the same
0.D. as the heated section but with 1.42 mm wall thickness. the bottom of
the heated tube is shrink-fitted to a copper rod. The D.C. current is measured

from the voltage drop through a shunter.

The hollow quartz cylinders are milled to an outside diameter of 63.5
mm with the inside diameters 26.04, 27.00,and 30.56 mm respectively to form
different gap sizes with respect to the heating tube. Both the inside and the
outside surfaces of the quartz are polished to a 50-80 finish to permit visual
observation of the annulus. Three of the annuli tested are 76.2 mm long with
the gap sizes of 0.32, 0.80, 2.58 mm, respectively. The concentric annulus
between the heating tube and the quartz-cylinder is maintained by two spacers

located at the top and the bottom of the quartz.

The pressure at the inlet of the test section is measured at the iower
plenum and is indicated on a pressure gauge ranging from 0.1 to 0.3 MPa. The
pressure drop through the annulus is measured using a calibrated pressure
transducer (Model PB415D-13) which is connected to & strip chart recorder

{Sanborn Model 321).

A pair of traversable thermocouples as shown in Figure 4 are used to
measure the inside wall temperature of the heating tube. Two J-type
,Stainless steel sheathed, ungrounded thermocouples of 0.81mm diameter are
pressed against the inner-wall by plate-springs with a force of 5.87 Newtons.
The thermocouples are calibrated but the temperature measurement accuracy is
limited by the digital temperature display to * 0.28 ° C. The outside surface

temperature is calculated from one-dimensional steady state heat conduction
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equation [23, 24] over the tube wall. The same heating tube is used for all
the tests. The heated surface is polished before each test with a # 320
sandpaper. The thermocouples are located 6.35 mm below the top opening of

the narrow annulus to detect the early critical heat flux.

Prior to the collection of data, the loop was filled and degassed. Then,
the inner tube is gradually heated by the D.C. power. The steady states were
achieved within 3 minutes after any change of heat flux. Data were taken
then. During the test run of varying heat flux, the mass flow rate, the inlet

conditions and the system pressure are held constantly.

RESULTS_AND DISCUSSION

Boiling crisis is a sudden drop of heat transfer coefficient occurring after
a very high heat flux in nucieate boiling has been reéched. This sudden drop
of heat transfer coefficient will cause a surface temperature surge, if the heat
flux to the heated surface is maintained constant. Therefore, the observation
and the data taken for CHF here is the heat flux at which a sharp rise in

surface temperature takes place.

The experiments are performed at steady states. The range of the test
conditions are listed in Table 1. In order to get reliable information every
data is repeated in three different tests at the same conditions, The maximum
deviation of the CHF data for a same condition is found to be 3.02%. The
maximum rate of heat loss at the inside of the tube by natural convection is

estimated using the references [24,25] to be within 1.6 % of the total power.
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Effect of Mass Flux

The data of CHF are presented in Figure 5 for various mass fluxes with
the gap size as the parameter. With all other conditions fixed, the CHF is
found to increase with the increasing of mass flux. This is ap.parently due to
the increase of the flow turbulence and transverse fluid flow fluctuations at
higher flow rates. Tolubinskiy et al. [26] pointed out that the CHF at
conventional size flow channels is proportional to the velocity gradient near
the wall layer. Therefore, the increase of the mass flux will increase the CHF,
In the present investigation, although the gap is very- small the wall velocity

gradient seems also playing an apparent role in the CHF values.

The limiting situation of the CHF will correspond to the condition that
the exit quality is at 1.0 that the gap flow occurs at the exit point. Developed
from the energy balance, .these conditions are shown on the Figure 5 as
straight lines. They can be considered as the limits of the present data trend

at low mass flux.

Effect of Gap Size

As shown in Figure 5, the CHF decreases with the reduction of gap size.
in narrow annuli, the geometry constraint affects the vaiue of CHF. Closeness
of the annuli walls interferes with disengagement of vapor from the heated
surfaces. At higher heat flux levels, longer residence time of the vapor mass
in a small gap allows thin film evaporation to occur, this thin film evaporation

causes dryout to occur at lower CHF levels than conventional large gap cases.

e mabesmabmsiants W




Gambill [11] observed that his correlation grossly over-predicted the CHF

when the gap was reduced below 2 mm. Tolubinskiy et al. [27] concluded
that the CHF was independent of gap width provided it was greater than 1 mm
but the CHF decreased sharply when the gap became less than 1 mm. Shah
(14] presented his correlation and compared to the data for gap sizes ranging
from 0.5 to 1.1 mm. No maxima was found at 4mm as had been noted by
Moeck et al. [28]). The correlation of Shah [14] was in agreement with the
experimental data at gap sizes of 1.5 mm and larger. The deviation between
the experimental data and his prediction increased sharply when the gap was
- reduced below 1.5 mm, especially for the gap sizes below 0.5 mm.
Considering the general inconsistency between the reported experimental data

of narrow gaps and the predictions suggested by many researchers, the author

intended to improve the CHF correlations at the condition of narrow gap sizes.

CHF Correlation

A rather generalized CHF correlation for annular geometries which is valid
for various kinds of fluids has been developed by Ahmad [16], the correlation
can be expressed as

1/2

Oere! Iyrae™ 1-8XPL-0.025(p/ p_-1)728CE(1raH, /N)>E ) (1)

(for the range of gap sizes in between of 3.2 and 6.4 mm,

and the L/D ratio in between of 140 and 222.)

Where
Gpax>Maximum critical heat flux = GDM(X*AH.I“)ML (2)
AH = H -H {3)

LU T VP VT S W
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E = (LD)°7 Sy 2856 (4)
WCHF is a critical heat flux modeling parameter defined as
Vere = 1GD/u)y 24,2012 3414 )78 ()
Alplp)
y =|(—%‘F’19->| ()

The present investigation involves data of 17 Freon-113 critical heat
fluxes for 76.2 mm long annuli ( inside diameter 25.4 mm, gap thickness 0.32,
0.80,and 2.58 mm ) at 0.132 MPa, and mass fluxes from 1240 to 1144.9
Kg/sec-mz. These experimental data have been compared with the correlation
of Ahmad [16] as shown in Figure 6. The comparison is also listed in Table
2.The ™ean deviation for the worst case of 0.32 mm gap size is 120 %.
Moreover, for the case of 2.58 mm gap size the mean deviation is still very

large (114 % ). This is possibly because the L/D ratio in the large gap case is

15 which is much less than the minimum L/D ratio (140) in Ahmad’'s correlation.

The effect of the gap size is likely to be significant when it is smaller
than, say, 1.5 mm. A natural explanation is that the bubbtes experience severe
geometric constrain at this condition. As observed from the photographs of
the boiling at the condition of narrow gaps, the bubbles have been severely
squeezed as the shape of pancakes between the walls. A non-dimensional
parameter called Bond number can be used to relate the gap size § and the

capillary constant as
Bo = 5/[0/9(P|-Pg)]”2 (7)

In some sense, the Bond number can also be related as the ratio of the
gap size § and the bubble departure diameter in the conventional pool boiling.

Furthermore, the previous study of Yao and Chang [22] on the pool boiling in -1
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narrow crevices indicated that the boiling regimes can be related with the
Bond number of the system at low heat flux. Therefore, the Bond number wili

be used to correlate the data for the effect of the gap size.

Since the correlation of Abmad is generally valid in wide ranges of
conditions, the effects of the gap size and the heated iength to hydraufic
diameter ratio will be correlated as an extra correlation term muiltiplying on

the Ahmad’'s correlation [16]. That is

W = f(Bo.L/D) * (ac,/ay,,) @)

/qMax

Where
f(Bo,L/D)=[ 1-0.7exp({-Bo) ][ 1-0.8exp(-0.035L/D)] (9)

The details of the modification function is shown in Figure 7 with the
conditions of the present experiments indicated as points in the same figure.
When the gap and the ratio of the heated length to hydraulic diameter are
large enough, i.e. Bo > 1 and LID > 1, Equation (8) is identical with the

original correlation proposed by Ahmad [ 16].

The present data and the data of Barnett reported in [16] are listed in
Table 2, the modified correlatign (8) substantially improves the original
correlation of (1. The comparisons of predicted and experimental results are
shown in Figure 8. The ﬁwean deviation of the predicted CHF with respect to
the experimental data is 6.86 %, 11.38 %, and 11.33 % for the gap sizes 0.32,
0.80, and 2.58 mm respectively. The averaged deviation between all the
experimental data (44 points) and the predictions of (8) is 9.4 % with the
maximum deviation within 20 %. The ratios of the CHF data to the predicted
CHF using the modified correlation (8) are also shown in Figure 9. Great

improvement as compared with Figure 6 is observed.
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CONCLUSIONS

The forced convective critical heat flux in confined spaces has been
studied for various gap sizes and mass fluxes. The CHF increases as the
mass flux is increased. The CHF decreases as the gap size is decreased. The
mechanism of dryout in a very narrow gap is dominated by thin film
evaporation. At higher heat flux levels, longer residence time of the vapor
mass in the very narrow gap allows thin film evaporation to occur. Therefore,
this thin film evaporation causes dryout to occur at lower CHF levels than

conventional large gap cases.

The Ahmad’'s correlation may be modified for the conditions of small
gaps and iow heated length to hydraulic diameter ratio. The modification is
described as a correlation function which is based upon the Bond number of
the gap size and the L/D ratio. The modified correlation presented in the
present. report has been compared to Barnett's data and the present
experimental data with fairly good results. More data analysis for very thin
annular gaps is needed to confirm the applicability of this modified
correlation, and to estabiish a generalized correlation which can apply to a

wide variety of fluids and a wide range of parameters.
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Table 1. Range of Parameters for Operating Conditions

Working Fluid

Geometry

System Pressure
Saturation Temp.

Material of heated
tube

Q. D. of heated
tube

T/S Length

Inlet Subcooling

Variable Parameters :

Gap Size

Mass Flux

Freon - 113

Vertical upflow in concentric annuli
with internal heating

0.132 MPa
-]
§6.6- C

304 stainless steel seamless tube
254 mm
76.2 mm

1.21 X 10% J/kg

0.32 - 2.58 mm

124.0 - 1144.9 kg/m?sec
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Table 2. Comparison between Ahmad’s Correlation [16] and Eqn.(8)

(. Working Fluid : Water

Sysiem Pressure : 6.9 MPa

Heated Length : 1828.8 mm ; Gap Size :

Mass Flux

{kg/m2sec)

676.8
678.2
683.6
697.2
698.6
709.4
710.8
717.6
719.0
724.4
1077.8
1098.1
1108.0
1346.8
1368.6
1387.6
2007.4
2010.1
2011.4
2015.5
2023.7
2029.1
2623.0
2678.7
3287.6
3317.6
3370.5

Intet Subcooling

( 10% Jikg )

21.569

0.46
40.85

8.82
21.59
26.46

0.93
34.12
156.55

8.36
16.71
26.23
10.21
18.11
27.16
11.84

3.25
17.41
27.62
10.45
29.71

9.05
26.23
16.94
13.23

3.95
27.85

Measured CHF

( KWim? )

1642.44
1254.69
2008.13
1481.67
1639.29
1778.00
1264.14
2027.05
1547.87
1434.38
2058.57
2276.09
1932.47
2386.43
2730.05
2263.48
2263.48
2802.56
3187.16
2562.97
3310.11
2496.77
3354.24
3029.53
2969.64
2430.56
3596.98

5.7 mm

% Error in Predicting CHF

Ahmad’'s
correlation

-13.4
~11.7
~16.7
- 75
~15.0
-13.4
~13.2
- 95
~13.9
~11.7
0.0
4.7
2.8
5.1
3.8
8.9
14.8
9.1
3.9
12.9
3.9
12.9
1.6
8.8
8.7
10.8
4.5

EQN(8)

-

8.5
6.6

-12.0

2.7

-10.1
- 8.6

8.0
4.9
8.9
6.7
4.4

- 0.2

7.3
8.3
8.0
13.1
18.9
13.2
8.1
17.0
8.0
17.0
5.9
13.0
12.9
14.5
0.0
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(1™, Working Fluid : Freon-113 ; System Pressure : 0.132 MPa

Heated Length : 76.2 mm ; Inlet Subcooling: 1.21 X 104 J/ikg
Gap Size Mass Filux Measured CHF % Error in Predicting CHF
{ mm ) (kg/m3sec) (KW/m?) Ahmad’s EQN(8)

Correlation
0.32 145.1 33.10 -139.0 -13.6
0.32 216.0 48.10 ~112.3 - 0.8
0.32 381.6 63.83 -115.6 - 25
0.32 636.0 83.19 -108.5 - 2.3
0.32 890.4 88.09 ~119.9 - 45
0.32 1144.9 92.03 -129.6 - 9.1
0.80 124.0 84.60 -~ 39.6 20.5
0.80 216.0 101.20 - 48.1 18.7
0.80 381.6 119.20 - 54.5 12.1
0.80 636.0 122.30 - 779 - 13
0.80 890.4 129.10 - 82.3 - 6.6
0.80 1144.9 132.80 - 97.0 -12.1
2.58 216.0 116.00 - 80.6 11.0
2.58 381.6 128,50 - - 95.0 3.9
2.58 636.0 138.50 ~-114.0 - 6.5
2.58 890.4 141.00 ~136.5 -16.6
2.58 1144.9 150.80 -142.7 -19.7
* (1. Barnett's data [2]
ww {(11).Present Experimental data
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CHAPTER 2

HEAT TRANSFER
- OF

FORCED CONVECTIVE BOILING IN CONFINED SPACES
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NOMENCLATURE
B, Boiling number, g/{G)) )
Bo Bond number for the gap, defined in equation (4)
CHF Critical heat flux
D Hydraulic equivalent diameter = 4Xflow area/wetted perimeter
d, Outer diameter of the heated tube
do Inner diameter of the quartz, d°=di+ 24
G Mass flux
g Acceleration of gravity
n Enthalpy of liquid at inlet
HI Enthalpy of saturated liquid
AH H - H
h Heat transfer coefficient
k Liquid conductivity
Nu Nusselt number, hD/k
P System pressure
Pr Prandt! number
q Heat flux
Qg Heat flux obtained from fully developed boiling corretation {3)
Qe Heat filux obtained from the correlation of single phase

forced convection (1)
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Liquid Reynolds number, GD/g
Temperature

Temperature at the incipient boiling point
Saturated temperature of the fluid

T Ve

T -7

ib sat

Density of liquid phase
Density of vapor phase
Viscosity of liquid phase
Latent heat of vaporization
Gap thickness

Surface tension of liquid phase

e
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HEAT TRANSFER OF

FORCED CONVECTIVE BOILING IN CONFINED SPACES

INTRODUCTION

Heat transfer in nucleate boiling is t'he most efficient means of energy
transfer that we use nowadays in thermal processes, so it receives most of
the attention devoted to studies on boiling heat transfer. The behavior of
nucleate boiling has been widely discussed over the past several decades, and
numerous papers on this subject were indicated in the literature survey of

boiling by Rohsenow & Hartnett [1] and Cole [2].

For the study of boiling phenomena, Ishibashi and Nishikawa [3]
observed the saturated pool boiling heat transfer mechanism in a verticai
annulus with a narrow space, and they proved that there is a coalesced bubble
region having remarkably different characteristics from the isolated bubble
region, the heat transfer characteristics of which have already been confirmed
by many researchers. They also demonstrated that the heat transfer
characteristics are closely associated with the boiling pattern in the narrow
space. Akoi [4] conducted a series of experiments for pool boiling in vertical
annuli with an electrically heated inner tube. For both énds open tests, he
obtained that the boiling curve shifts toward the left side as the gap size is
decreased, i.e., the heat transfer rate increases by reducing the gap size. The
similar results were also reported by Ishibashi et al. [3]. Yao and Chang [5]
presented a series of systematic investigations of pool boiling heat transfer in

vertical narrow annuli with closed bottoms. They found that the bond number
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is important to characterize the boiling behavior into three different boiling

regimes.

To determine the shape of the heat flux curve in local boiling, Bjorge et
al. [6] postulated a modified method of superposition for correlating forced
convection boiling heat transfer data of water in tubes, and the method may
be extended for use with other fluids by determining the special parameter

which applies to each fluid.

Although the heat transfer of nucleate boiling in smooth annuli with
forced convection has been studied by many researchers [7,8,91, until now the
knowledge of nucleate boiling heat transfer in confined spaces for various gap
sizes and convective mass fluxes has not been adequate to permit even a
reasonable calculation of heat flux. Better predictive results can only follow
from a better understanding of the physical mechanism of flow boiling. Due
to this reason, the upward flow of Freon-113 in a vertical annulus with inner
heating wall is considered in the present work. Because of the lack of
sufficient experimentai information in this field, it is very important to
conduct a systematic study of the governing mechanisms and observe the
effects of the boiling space confinement and mass flux on forced boiling

behavior.

Therefore, the objectives of the present investigation are to obtain a
systematic experimentai data base for the forced boiling heat transfer behavior

in confined spaces; and then to observe the effects of gap size and mass flux

on boiling phenomena through visualization.

EXPERIMENTAL APPARATUS AND PROCEDURE -
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Several vertical, concentric narrow annular test sections which consist of
electrically heated inner tubes and insulated quartz outer cylinders are used in
the present experimental study. The annulus between the heated tube and the
quartz cylinder simulfates the gap between the tube and the support-plate in

conventional steam generators and heat exchangers.

In the experiments, Freon-113 is used as the working fluid at a pressure
slightly higher than atmospheric pressure. After any change of operation
condition, the free adjustable parameters { e.g., P, G, AH, ) are kept at constant
values for at least 5 minutes before measurements are taken. At that moment

all parameters have reached steady states.

A pair of traversable thermocouples are used to measure the inside wal
temperature of the heated tube. Two J-type, stainless stee.l sheathed,
ungrounded thermocouples of 0.81 mm diameter are pres.sed against the inner-
wall by plate-springs with a force of 5.87 newtons. The thermocouples are
usually located 6.35 mm below the top opening of the narrow annulus to
detect the early critical heat flux; and to observe the forced boiling heat
transfer behavior. The detailed experimental apparatus and procedure have

already described in the previous chapter.

RESULTS AND DISCUSSION
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The test conditions including the range of Reynolds number in the
present experiments are listed in Table 1. The critical heat flux results have
been discussed in the previous chapter. Therefore, the experimental results in
this part will be presented in three different sections. They are (1)
characteristics of the boiling curves ; (2) effects of mass flux and gap size ;

and (3) visual observation.

Characteristics of the Boiling Curves

The boiling curves for different gap sizes are plotted in Figures 1, 2, and
3 respectively. Since the liquid at the inlet of the test section is generally
subcooled, at low heat fluxes the heat is transferred by single-phase forced
convection with no boiling occurs within the confined spaces. When the heat
flux is increased to a higher level to initiate the nucleation, bubbles appear at
the downstream over the upper half surface of the heating tube. A remarkable

hysteresis is usually observed.

With further increases of heat flux, both the mass fluxes and the gap
sizes influence the boiling phenomena. At higher heat fluxes, nucleation is
initiated at locations of the heating surface which are more close to the iniet
of the test section. The boiling is rather fully developed over the majority of
the heated area. At this condition, the effect of mass flux to the boiling heat

transfer has diminished, but the effect of gap size is still significant.

Single-Phase Forced Convection
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The range of the reynoids number for diff_erent gap sizes in the
experiments is shown in the Table 1. Except the case of the smallest gap,
where the flow is laminar, the flow covers the range from taminar flow to
turbuient flow. The evaluation of heat transfer coefficient for Reynolds
number less than 2000 follows the laminar flow, thermal-entry length solution
for annulus which is indicated in the text book of Kays and Crawford [11].
The corresponding heat transfer coefficients for Reynolds number larger than
2000 can be calculated from the existing equation for the concentric circular

annulus as indicated in [10]. That is

Nu = 0.023 Re%8 pr0-4 (doldi)o's (1)

where

d° = inner diameter of the quartz = di + 28
di = outer diameter of the heated tube

d = gap thickness

Some calculated resuits are shown in Figures 1-3 together with the data.
in Figures 1-3, the experimental resuits usually are higher than the theoretical
results which are obtained from equation (1) and the reference [11). The
reason may be due to the roughness effect of the heated surface [10]; the
heat loss which was neglected in the experiments; and the measurement error

for wall temperature. Although there is a difference between the experimental




data and the calculated results, the general trend of heat transfer in the

experiments is consistent with the theoretical predictions.

Hysteresis

The boiliné hysteresis occurs at the transition between the single phase
and the nucleate boiling. The boiling hysteresis is observed at increasing heat
flux but not at decreasing heat flux. The overshoot of the wall superheat
happens before the inception of the boiling. As shown in Figures 1-3, the
hysteresis does not occur in the experiments when the mass flux is equal to

1144.9 kg/mzsec for all the three gap sizes.

Heat Transfer of Local Nucieate Boiling

Convective boiling heat transfer data have been correlated by Bjorge et
al. [6). In this correlation the flow boiling heat flux in tubes is calculated
from the fully developed boiling heat flux and the single-phase forced

convection heat flux in the form of

AT
Q=(qgc+q;[ 1-(—A—_If—°"—'b)3]2} 172 "

sat

for subcooled and low quality flow.

The fully developed boiling heat flux can be expressed in the following

form the present data :




B - SR W

32

2
qg = 0.27 {A Tsat) (3

The proposed formulation of equation (2} has been compared with the
present forced convection boiling data in narrow annuli. The evaluated heat
transfer coefficient of single-phase forced convection for 2.58 mm gap size is
1.31 kw/m2°C and 0.35 kw/mZ2°C for the mass flux of 1144.9 kg/m3sec and
216.0 kg/mzsec respectively. The predictions of the boiling curve for the
experiment of 2.58 mm gap size with the mass fluxes 1144.9 and 216.0

kg/mzsec are also shown in Figures 4 and 8 respectively,

Fully Developed Fiow Boiling

Tong [12] and Lemmert et al. (13] postulated that no heat is
transferred by forced convection in the fully developed region. This
conclusion was based upon-the fact that the available data of fully developed
boiling indicate neither the significant effect of subcooling nor the significant
effect of mass flux on the boiling heat transfer. Collier [14) concluded that
at forced convective condition the fully developed region of the boiling curve
had generally been assumed to coincide with the extrapolation of the pool
boiling curve. Generally, this assumption appears to be reasonable for low
velocity flow. Experiments carried out by Bergles and Rohsenow [15] were
designed with the object of directly comparing data for pool boiling and

forced convection boiling. They concluded that forced convection boiling
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cannot be considered an extrapolation of pool boiling for their experimental
data [15]. However, it would appear that the form of the equations suitable
for the correlation of poo! boiling data is suitable for the representation of
the data of forced convective, fully developed, subcooled boiling. The values
of the slope and intercept { i.e. n and a2 of A tw=a*q" } will, of course, need

to be altered from the values obtained from pool boiling.

According to the above conclusion, the correlation of fully developed
boiling heat flux in the present work can be obtained from the present
experimental data , its form is expressed as equation {3) and shown in Figures
1 - 8, The experimental results for open tube pool boiling by Yao and Chang

[5] are also presented in the Figures.

Effects of Mass Flux And Gap Size

Effect of Mass Fiux

The wall heat flux versus the wall temperature of the heated tube is
plotted in Figure 1 for the experiments of 2.58 mm ga;'J size at various mass
fluxes { 216.0, 381.6, 636.0, 890.4, and 1144.9 kg/mzsec respectively). Similar
boiling curves are presented in Figures 2-3 for the cases of gap sizes 0.80 and

0.32 mm at the same mass fluxes.

It is interesting to compare the various curves in a same Figure. At

single phase forced convection, the trend of the data is consistent with the




theoretical prediction that the heat transfer coefficient increases with the

4

increasing mass flux. When the heat flux is further increased the inception of

boiling occurs and the wall superheat suddenly reduces. This hysteresis is
generally observed. The lower the mass flux the more the incipient boiling
superheat. At the highest mass flux in the experiments { 1144.9 kglmzsec). the

boiling inception superheat is not observed.

At intermediate heat flux the convective boiling heat transfer is affected
by the mass flux. The higher the mass flux the higher the heat flux at a same
wall superheat. In other words, the effect of the flow still exists. At the
high heat flux conditions, the boiling is fully developed. There is no
significant effect of the mass flux on the boiling curves for large gap sizes of
2.58 and 0.80 mm. This is consistent with the observations by various
previous researchers [13,16,17). However, there is still significant effect of
mass flux on the boiling curves for the case of 0.32 mm gap size in Figure 3.
The reason for this contradiction to the large gap cases might be due to the

y ~ thin film evaporation which causes dryout to occur at lower CHF levels than

conventional large gap cases.

Effect of Gap Size

The size of the gap affects the behavior and the heat transfer of boiling
- in annuli. The boiling curves for various gap sizes at specific mass fluxes are
shown in Figures 4 to 8 in the order of decreasing mass flux. Generally, with

the increase of the gap size the boiling curve asymptotically approaches to the

conventional fully developed boiling curve. Furthermore, it is observed that
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when the gap of the flow channel is very small the boiling heat transfer at the
same mass fiux is increased with respect to the conventional results of tubes
or annuli with a large flow channel. Increases of the convective boiling heat
transfer in very narrow gaps are attributed to thin film evaporation under the
deformed bubbles. A similar trend has been reported by Ishibashi et al. {3]

and Akoi [4] for the pool boiling in vertical narrow annuli.

Visual Observation

In the present study, the boiling phenomena have been observed through
the transparent quartz shroud. As observed from the photographs of the
boiling at the condition of narrow gaps, the bubbles have been severely
squeezed as the shape of pancakes between the walls. A non-dimensional
parameter.called Bond number can be used to relate the gap size and the

capillary constant as

Bo = 3/lalglpp 1"/ : (@)

in 'some sense, the Bond number can also be related as the ratio of the
gap size and the bubble departure diameter in the conventional pool boiling.
Furthermore, the previous study of Yao and Chang [5] on the pool boiling in
narrow gaps indicated that the boiling regimes can be related with the Bond
number of the system at low heat filux. Therefore, the Bond number will be

used to classify the boiling regimes for the effect of the gap size. The three
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boiling regimes in the confined space have been defined. They are non-
deformed bubbles, isolated deformed bubbles, and coalesced deformed bubbles.
The boiling regimes are dependent of the gap dimension which can be

represented as the Bond number of the gap.

For the experiments with Bond number 2.394 (gap thickness 2.58 mm) the
boiling phenomena at constant mass flux but different heat flux are shown in
Figure 9. At low heat flux, many small non-deformed spherical bubbles are
generated from the heating surface. When the heat flux gradually increases up
to CHF, no significant change of the bubble shape is apparent except the

bubbles become slightly deformed in shape.

For the experiments with Bond number 0.754 {gap thickness 0.80 mm) the
boiling phenomena at constant mass flux but different heat flux are shown in
Figure 10. Since the gap size is reduced, the bubbles start with spherical
shape then are deformed as individual pancakes. With the further growth of
the deformed bubbles they may merge together as coalesced deformed

bubbles.

For the experiménts with. Bond number 0.300 (gap thickness 0.32 mm) the
boiling phenomena are presented in Figure 11 .for constant mass flux but
different heat flux. Since the gap is very small, all the bubbles are highly
deformed in the narrow annulus. Isolated deformed bubbles are generated
within the confined space. When heat flux is increased many isolated

deformed bubbies merge as coalesced bubbles.

The forced convective boiling behavior in confined spaces can be

classified into three regimes in terms of the gap Bond number, which
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characterizes the effect of geometric confinement, and the Boiling number,
which is defined as B|=q/G)‘. The boiling regimes of the present study are

expressed in terms of Bo and Bl in Table 2,

The non-deformed bubble regime occurs when the Bond number is larger
than about 1.0 and at low heat flux condition. The bubbles may be slightly
deformed at high heat flux condition when the Bond number is above 1.0. The
isolated deformed bubble usually occurs when the Bond number is less than
unity, The .coalesced deformed bubble regime exists at high heat flux
condition when the Bond number is less than 1.0 ,or even at low heat flux
condition when the Bond number is very small. The observations in the
present work for convective boiling phenomena are qualitatively consistent
with the observation in the pool boiling by Yao and Chang [5]. In that work
the Bond number of unity is regarded as the criterion for ciassifying the
boiling regimes, too. Therefore, it is reasonable to use the Bond number to
classify the boiling regime for both the pool boiling and the convective boiling

in confined spaces.

CONCLUSIONS

The forced convective boiling heat transfer in confined spaces has been
observed for various gap sizes and mass fluxes. Based on the investigation
of this study, the following conclusions on the nucleate boiling heat transfer
in confined spaces are reached :

1. In the local boiling region, the boiling curves for three gap sizes




are affected by the mass flux. The higher the mass flux the higher
the heat flux at a same wall superheat. When the heat flux is
further increased, the boiling will become fully developed. There is
no significant effect of the r:nass flux on the boiling curves for
large gap sizes of 2.58 and 0.80 mm, but the effect of mass flux

on the boiling curve for very small gap 0.30mm is still existed.

. When the gap size decreases, the boiling heat transfer at the same

mass flux is increased due to the effect of thin film evaporation.
With the increase of gap size the boiling curve asymptotically

approaches to the conventional fully developed boiling curve.

. The hysteresis effects are observed in the transition region between

single-phase convection and nucleate boiling at different mass-flux
measurements. When heat flux is increasing, it does not occur in
all experiments, and no overshoot phenomenon has been detected

as the heat flux decreases.

. The convective boiling phenomena in confined spaces can be

classified into three boiling regimes : non-deformed, isolated
deformed, and coalesced deformed bubble regimes. The boiling
regimes can be identified in terms of Bond number and Boiling

number of the system.
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Table 1. Range of Parameters for Operating Conditions

Working Fluid Freon - 113

Geometry Vertical upflow in concentric annuli
with internal heating

System Pressure 0.132 MPa
o
Saturation Temp. 55,6 C
Material of heated 304 stainless steel seamless tube
tube
0. D. of heated 25.4 mm
tube
T/IS Length 76.2 mm
Inlet Subcooling 1.21 X 10* Jikg

Variable Parameters :
Gap Size 0.32 mm 0.80 mm 2.58 mm

Reynoids Number 256 - 1359 646 - 3425 2052 - 10872
Range
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Table 2. Boiling Regimes in terms of Bo and B,

Bo r i t
0.300 None B, < 2.4x1074 2.4x107% to 1.6%1073
0.754 B, < 6.0x107%| 6.0x107% to 1.2x1073 | 1.2x10"3 to 4.9%1073
2.394" B, < 2.0x1073 None None

Where

H

» 201073 £ B < 4.1x10™3 in the case of B0=2.394:Slightly Deformed Bubbles.
{

Non-deformed Bubble Regime

Isolated Deformed Bubble Regime

‘Coalesced Deformed Bubble Regime

"
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CHAPTER 3
POOL BOILING IN HORIZONTAL ANNULAR CREVICES
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POOL BOILING IN HORIZONTAL ANNULAR CREVICES

INTRODUCTION

THe boiling in horizontal annular crevices is of great importance to the
understanding and the design of tube to baffle supports in horizontal steam
generators in avoiding the corrosive concentration induced corrosion,
Saturated pool boiling for single tubes and horizontal plates has been
extensively studied in recent years. However, knowiedge on the effect of
geometrical confinement to pool boiling heat transfer remains limited.
Ishibashi and Nishikawa [1] studied the saturated pool boiling heat transfer in
a vertical narrow annuius with both ends open. They observed that there is a
remarkable difference of heat transfer between the coalesced bubble regime
and the isolated bubble regime. These regimes were separated by a critical
gap size, which varied with fluid prbperties. The isolated bubble regime was
present in larger crevices. Below the critical crevice dimension, the coalesced
bubble regime was observed. Jensen, Cooper, and Bergles [2] performed
experiments of saturated water pool boiling at atmospheric pressure in
horizontal annuli utilizing an electrically heated inner surface. Crevice heat
transfer coefficients were as much as 230 % greater than those measured for
conventional pool boiling. The increase in the heat transfer was explained by
the thin film evaporation. The critical heat flux was found to be directly
proportional to the gap size and inversely proportional to the length of
annulus. However, Jensen eAt al. did not report detailed visual observations in

the narrow crevice. Yao and Chang (3] presented a series of systematic




investigations of pool boiling heat transfer in vertical narrow annuli with

closed bottoms. They found that the Bond number is important in

characterizing the boiling behavior in confined spaces.

The primary objective of this research is to perform a systematic
investigation of pool boiling heat transfer in narrow horizontal annuli with
various working fluids. Visual observation will also be performed to assist

the explanation and the correlation of the heat transfer results.

EXPERIMENTAL APPARATUS AND PROCEDURE

Experiments will be performed in horizontal pools of various fluids, such
as Freon-113, Acetone, and distilled water. The electrically heated tube is
placed inside a holiow quart2z cylinder with a small concentric gap maintained
in between. The entire structure is positioned horizontally with the annulus
left opened to the fluid pool at bofh ends. The overall test assembly is

shown in Figure 1 and a schematic of the test section appears in Figure 2.

The liquid pool would be established using a Pyrex tube of 101.6 mm
inside diameter and 457.5 mm length. The generated vapor in the boiling
experiments‘will be released to a separate condenser. The liquid levei will be
maintained by an equalizer which is connected to the pool, and the saturation

temperature of the pool will be maintained by an immersion heater.

Before each experiment the pool liquid will be degassed by boiling for

one hour at a low heat flux. The movable thermocouples with 0.81 mm




diameter are pressed against the inner-wall of the central tube by springs.
The thermocoupies can be traversed axially and rotated at the interior of the

heated tube to measure the boiling heat transfer.

The experiment will be performed for various gap sizes and axial lengths.
The boiling behavior will be presented and compared with those observed by
Ishibashi & Nishikawa [1], Jensen et al. [2] and Yao & Chang [3]. The
effects of fluid properties and gap sizes on boiling phenomenon will be

studied and discussed. A movie series will be edited.

CURRENT STATUS

The test facility and the test section have been fabricated and

assembied. Try runs will be performed in the near future.
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CHAPTER 4

CROSS FLOW BOILING IN TUBE BUNDLES




CROSS FLOW BOILING IN TUBE BUNDLES

INTRODUCTION

In many of the power systems of Naval vehicles the steam generators
contain tube bundles which are oriented horizontaily. Boiling occurs in the
shell side as shown in Figure 1. The tubes can be arranged in triangular array
or in square array at a particular pitch-to-diame;-er ratio which determines the
tube to tube spacing. Steam and water flows in the steam generator crossing
the tube bundie by the gravity induced natural convection. However, at any
position in the bundle the boiling heat transfer on the tube is mainly
dependent of the local flow velocity and the local quality. The study of heat
transfer in a particular region of a large bundie can, therefore, be performed in

a smaller bundle at a forced convective boiling condition with the same

vefocity and quality condition.

‘The heat transfer knowledge of tube bundles has been greatly advanced
] the‘.last decade due to the intensive research on nuclear reactor thermal
hydraulics. However, almost all of the published information is for the
condition of axial flow along the tube bundles because all nuclear reactor
bundles are cooled by the fluid at axial flow. The knowledge of heat transfer
in tube bundles at cross flow conditions is very limited. In fact, the available

information is mainly originated from the reboiler design in chemicai

processes.

Interesting but not very much relevant information is available from the




abundant literature on the heat transfer of a single tube at cross flow.

Fundamental understanding and parametric effects are revealed, however, the
result is so far away from the practical application of the heat transfer in
tube bundles. The major difference between the single tube heat transfer and
the heat transfer on a tube in a heated bundle is the different flow field and

thermal field near the tube.

For a better und'erstanding of the cross flow boiling in tube bundles,
systematic study is necessary. The study should be able to bridge the
knowledge of single tube heat transfer to the bundle heat transfer, and to
compare the heat transfer of triangular array bundle to square array bundle.
The effect of thermal environment adjacent to a tube in the bundle should also
be studied by comparing the results of one tube heated vs. all tubes heated,
single phase vs. two phase flow at different quality, as well as the study of

the effect of velocity to boiling heat transfer.

The systematic research on the subject is in progress at the Thermal
Science Laboratory in Carnegie-Meilon University. The Freon Ioo.p which has
been used previously for the study of boiling in confined spaces needs to be
modified to give higher flow rate and high inlet two phase quality to the test
section. The recording of abundant experimental data from the test bundle

also requires more sophisticated data acquisition system.

For this reason, the major effect in the last year is to rebuild the test
loop and data acquisition system, to design the test section and to pre-test

the design concept.

Till now, the loop has already been reconstructed. The new data
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acquisition system was established. The design of the test section has been -
finished and pre-testing of the tubes gives satisfactory results as expected.

The following section describes the detail of the experimental facilities.

FREON LOOP

The objective of the loop modification is to achieve a wide range of
operation condition. The schematic of the modified loop is presented in

Figure 2 and with its specifications described in Table 1.

The piping and fittings are mainly made of type 304 stainless steel.
Freon-113 is circulated by a Crane stainless leakage-proof dynapump, model 1
JB-3K, which provides a discharge pressure of 80 psig at 30 GPM. After the
pump, the flow is divided to the by-pass line and the test section line. In the
test section line, fluid flows through the turbine flow meter, the preheaters,
the main regulating valve, and the test section. ’ After the test section, the
fluid merges with the flow from the by-pass line. The mixed flow then goes
through the condenser, degassing tank, and then fiows back to the pump. Two

Grainger filters are installed parallelly at by-pass suction line of the pump.

The flow rate through the test section is adjusted by the valve at by-
pass line and the valve at the exit of the test section. Pump operation
pressure is controlied by the valve at the outlet of the pump. The regulating
valve at the iniet of test section is used to generate bubble required two

phase quality to the test section.
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The preheaters consist of four Chromalox heaters. The first and second
preheaters are Model ARMTQ-3605T2, each with a rated output of 6 KW at
240V, The third and fourth are Model MTO-390A of 9 KW each. Each
preheater is able to provide a continuous!y variable power using variac. The
preheater arranged in a2 way to prevent the burn out by trapping bubbles in the
preheater casings. The second preheater is laying on the top of first
preheaier., The fourth preheater is instailed above the third one with a 10

degree inclination.

The condenser is of a shell and tube type with Freon-113 flowing in the
shell side and cooling water in the tube side. The valve on the water line is
able to adjust the water flow rate and subsequently to control the temperature
of Freon-113 at the pump inlet. From the condenser, Freon-113 enters the

degassing tank.

A photograph of the loop assembly is shown in Figure 3. The operation

condition for present study is shown in Table 2,

POWER SUPPLY

The D.C. electrical power for the heating of the test section is provided
from a small welder and a large Westinthouse power supply in the Thermal
Science Laboratory. The small welder supplies the finely control led power up
to 40 V, 300 Amp., while the large Westinghouse power supply gives up to
100 V and 500 Amp.. A current shunt is installed in series with the test
section such that the high current input to the test section can be accurately

measured.

o




TEST SECTION

Six different test sections will be fabricated for geometries A, B, C, D,
E, and F as shown in Figure 4. These geometries are described in Table 3.

The tubes will be reused and the casing is a same one.

The schematics of the overall test section is shown in Figure 5. The
typical cross-section of the test section is shown in Figure 6. The changeable
back plate, made of type 304 stainless steel, is fitted with tubes of 19.05 mm
(3/4 inches) diameter, and 0.508 mm (0.020 inches) wall thickness. The
electrically heated tubes are silver-soldered onto copper ends. The details of

the tube zs.amblies is showr. in Figure 7.

. The local heat transfer on the heated tube is measured by J-type
ungrounded stainless sheathed thermocouples with 0.794 mm (1/32 inches)
diameter. Thermocouples and pressure taps are instailed at different locations

in the test section.

The casing of test section is a 127 mm (5 inches) by 76.2 mm (3 inches)
rectangufar Aluminum duct with 660.4 mm (26 inches) length. Glass windows
are located at several positions for lighting and observation. As described in
Table 3, the test bundle consists of an upstream unheated section, a heated
section, and an exit unheated section. The tubes in inlet unheated section are
made of solid Aluminum tubes, while the tubes in exit unheated section are

made of type 304 stainless steei tubes.
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Both the bottom plenum and the top plenum are made of stainless steel
pipes of 101.6 mm (4 inches) diameter, 101.6 mm {4 inches) length. The
.bottom plenum contains two perforated plates to uniformize the inlet vapor
and liquid distribution to the test bundie. The top plenum contains flow
straighteners to prevent the uneven flow distribution near the ‘top of the

bundie.

INSTRUMENTATION

All the measured temperatures in the test section are recorded by the
Accurex Autodata logger model 10/5. The data processing is programmed with
a connected Zenith-19 cathode ray terminal. Figure 8 shows a photograph of
the instrumentation rack. The system temperature in the loop can be read

from two digital temperature indicators and two digital millivoltmeters.

The flow rate through the test section is measured with a turbine flow
meter {(Model 80-0750, manufactured by Engineering Measurement Company
Inc.). The output from the turbine flow meter is recorded by a Leeds &

Northrop Model Speedomax H chart recorder,

The system pressure is measured from two bourdon pressure gages. The

differential pressure is measured by differential pressure transducer.




\ Item no. Description
; 1 Regulating valve
v ' |
2 Test section
<3 Ball valve
-
4 Condenser
v ) 5 Global control vaive il
6 Degassing Tank
- i -
7 Filter
< 8 Pump
9 Turbine flow meter
d 10 Preheater 1
11 ' Preheater 2 ‘
‘o
12 Preheater 3
o 13 Preheater 4
14 Freon-113 Supply tank
. .
15 Freon—113 Accumulator ' -

A Table 1: Componentsof the Freon-113 loop




(1) Test Section: 60 x 85.725 x 660.4 mm

(2) Channel flow area: 51.44 cm\"

(3) Heating condition: (max. 24 tubes heated)
- heat flux: O - 663 kw/m*

(4) Flow condition:

- Superficial velocity (liquid equivalent)
- 0 - 0.36 m/sec

- Volumd flow rate: 0 -~ 30 GPL GPM Volume

- Mass flux: 0 - 520 kg/m=sec

($) System pressure: Max. 40 psig .

Table 2: Operation condition 1

-




. . Test-Section Configuration

: - A B| ¢ | o ! E | F
1 . ] —q
Exit 0 2 3 3 3 3
° " Zone
No, of ' ’ -1
Heated
- ate 4 6 8 8 8 8
Rows . Zone
Transition 2 4 6 6 6 6
Zone
No. of Columns 1 2 3 3 2 2

Pitch to

4.5 2.25 1.5 1.5 1.5 1.5
Diameter Ratio :

Pitch (mm) B5.725 42.8625 {28.575 | 28.575] 28.575( 28.575

Tube diameter: 19.05 mm

Tube length: 60 mm

* - o

Table 3: Test-section Description
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